A detached divertor plasma is predicted to be necessary to mitigate the heat fluxes and ion energy, and so sputtering, at the divertor plate of a fusion power plant. It has proven difficult in current experiments, however, to prevent the detachment front, once formed, from running up to the main plasma resulting in deterioration of pedestal performance. The lithium vapor box divertor is designed to localize a dense cloud of lithium vapor away from the main plasma, in order to induce detachment at a stable, distant location. The vapor localization is created by local evaporation and nearby condensation, a configuration inaccessible to non-condensing seed impurities. The UEDGE code has been used to show that stable detachment can be achieved in the Fusion Nuclear Science Facility with lithium vapor alone, giving a widely dispersed heat flux of ~ 2 MW/m 2 to the divertor walls. However, the model for lithium vapor transport in UEDGE is purely diffusive, determined by collisions of Li atoms with fixed plasma ions. The paper provides simulations of lithium vapor flow using the SPARTA Direct Simulation Monte Carlo (DSMC) code, in which the lithium vapor dynamics are governed by Li-Li collisions that should dominate in regions with little plasma. The plasma model implemented in SPARTA is based on the UEDGE results for the location of ionization and recombination. We find that a simplified lithium vapor box configuration, without baffles, provides robust stabilization of the detachment front and acceptable lithium vapor flow to the main chamber. Lithium is evaporated from a capillary porous surface on the private-flux side of the divertor, distant from the main plasma, and is condensed on the other side walls of the divertor chamber. The condensed lithium flows back to the evaporator through 2 cm internal diameter pipes. The capillary pressure differential at the surface of the evaporator is capable of overcoming MHD back-force in the piping, with a great deal of margin if a sandwich flow channel insert is implemented. Very little lithium should be accumulated on the first wall of the main chamber if it is maintained at 600 C, as expected for a power-producing fusion system.
INTRODUCTION
A detached divertor plasma is predicted to be necessary to mitigate the heat fluxes and ion energy, and so sputtering, at the divertor plate of a fusion power plant. It has proven difficult in current experiments, however, to prevent the detachment front, once formed, from running up to the main plasma resulting in deterioration of pedestal performance. The lithium vapor box divertor is designed to localize a dense cloud of lithium vapor away from the main plasma, in order to induce detachment at a stable, distant location. The vapor localization is formed by local evaporation and nearby condensation, a configuration inaccessible to non-condensing seed impurities. In the original concept for the lithium vapor box divertor [1] lithium vapor is geometrically contained in the divertor region through poloidal baffles, creating a series of "vapor boxes." Each box is kept at a separate wall temperature with higher temperatures closer to the divertor target, as shown in Fig. 1 . This configuration provides strong differential pumping, with net condensation in the boxes closest to the plasma and net evaporation farther from the plasma. In this way, lithium can be strictly contained to the divertor region while maintaining densities high enough to detach the plasma. Furthermore, at surface temperatures below 400 C hydrogenic species are anticipated to be pumped, while if the condensing surfaces are maintained at 400 C or above, hydrogenic species are not likely to be dissolved in the lithium, providing flexibility in particle handling. In this paper we extend previous analyses [2, 3] to explore lithium vapor localization and detachment stability in a simplified configuration without baffles.
SPARTA
The Stochastic PArallel Rarefied-gas Time-accurate Analyzer (SPARTA) [4] Direct Simulation Monte-Carlo (DSMC) code has been used to analyze lithium behavior in baffled and unbaffled divertor designs. SPARTA moves particles through a Cartesian grid within a 2D simulation of the vapor box geometry. The grid cells are used to group particles together to determine collision rates.
A Variable Hard Sphere (VHS) model with velocity-dependent effective diameter is employed for neutral-neutral collisions calibrated to lithium vapor's temperature-dependent viscosity. The form for the viscosity is given by [5] Where T is in K and μ in SI units. This form is then fit to a T ω dependence over the range of 700 K -1000 K and ω is provided as an input parameter to SPARTA.
The walls simulate evaporation and condensation by both emitting particles and also absorbing all impacting particles. Particle emission is simulated using a half-Maxwellian distribution of velocities characterized by the temperature of the wall and the equilibrium density of lithium at that temperature. The equilibrium density is determined by using the pressure curve for lithium given in [6] . where P is given in MPa and T in K. In a closed box, this algorithm results in the expected equilibrium lithium vapor pressure. The SPARTA code was modified with an axial weighting scheme to have a more even spatial distribution of simulation particles. In cases with a large variation of lithium density this provides a factor of ~ 10 decrease in processing time for a given requirement on statistical accuracy.
PLASMA MODEL
Since SPARTA does not model charged particles in electromagnetic fields, a simple model is used to describe the absorption of lithium atoms, and emission of recombined lithium atoms, by the plasma. In this model the plasma recombination zone is treated as a fixed surface for a particular case, but this zone can be moved for other cases in order to simulate the effects of its displacement.
Simulations of the Fusion Nuclear Science Facility (FNSF) design [6] with lithium-induced detachment in UEDGE [2] indicate that lithium recombines roughly where it is ionized, as shown in Fig 2. This implies that lithium ionized on a given field line contributes to the lithium density in the plasma, but in steady-state a roughly equal amount of lithium is recombined on the same field line. Following the approach developed in [3] , this is simulated in SPARTA by assuming that all neutral lithium that crosses the plasma boundary is ionized there, and an equal amount is locally recombined. Upon recombination, the neutral lithium is given both a temperature and a directed energy along =⃑ of 0.2 eV. The FNSF plasma shape in SPARTA is set by the UEDGE Te = 0.2 eV contour, which is a good approximation of Te at the ionization and recombination region in UEDGE.
Note that UEDGE has a different neutral transport model than SPARTA. UEDGE uses a purely diffusive fluid model, in the simulations of [2] balancing the gas pressure against the momentum transfer to fixed charged particles, including hydrogenic ions and lithium ions. This results in a gas velocity of the form where RSTUVWX is the elastic collision frequency for neutrals colliding with ions. Note that UEDGE does not take into account neutral-neutral collisions, unlike SPARTA, which does not take into account neutral-ion collisions. Thus, due to the different models in UEDGE and SPARTA, some disagreement between the two simulations is to be expected. Evidently both forms of collision are physically present, but in detached scenarios most of the lithium transport occurs in regions where the lithium density is much greater than the plasma density.
For the FNSF simulations, UEDGE indicates there is an average cooling per ionized lithium atom of XZZS = 60 eV, and 66 MW of power to be dissipated, consistent with 1.1 MA = 79 g/s of lithium ionization. The calculated upstream lithium density depends on the assumed plasma edge density and the model used for the parallel thermal force. In a realistic situation higher-Z impurities would be used to reduce heat flux across the separatrix, while maintaining a robust H-mode. Potentially a mid-Z impurity would be used to enhance radiative losses from the upstream scrape-off-layer and lithium would provide the dominant radiation source further down-stream.
SIMULATION OF THE FNSF DIVERTOR WITHOUT BAFFLES
In earlier work [3] we examined the addition of baffles in SPARTA simulations of FNSF and modified the boundary conditions to be more realistic. The absorbing walls were changed to 300 -400 C lithium-coated surfaces with relatively little evaporation and zero reflection. Furthermore, since there is much less heat delivered on the private-flux side of a divertor leg, it should be easier to detach the divertor leg from that side, and the private flux region in the FNSF design provides a more closely coupled plasma "mirror" for lithium. Accordingly, we chose to evaporate lithium from the private-flux side of this divertor. Comparing to cases with a more diffuse injection region without baffles, both the private flux injection and the inclusion of baffles allowed significant improvements to lithium vapor localization. Here, following the successful UEDGE simulations, we consider a case without baffles which should allow for considerable engineering simplification. This should allow for easier integration into existing experiments, including initial tests with a single toroidal segment of lithium evaporation.
A concern with this configuration might be that more lithium will be evaporated into the main chamber, and potentially deposited on the first wall. To put this in perspective, we required 79 g/s of lithium to be deposited in the FNSF plasma for full detachment, a significant fraction of the 140 g/s evaporated. This 79 g/s enters the plasma irrespective of baffling and may work its way to the first wall, so it may not be worth using baffles to drastically 
FIG. 4: Lithium vapor box divertor with private-flux side evaporation; no baffles.
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reduce any other lithium influx. Let us assume, as an extreme upper limit, that all of the evaporated 140 g/s is deposited on the first wall, and none is captured on the colder lithium surfaces in the divertor. If we assume that the first wall is maintained at a temperature of 600 C for thermodynamic efficiency, the evaporation rate of lithium more than a few monolayers deep is 2.66 g/s m 2 . Assuming a first wall area of 300 m 2 , the evaporation rate from this surface is 800 g/s, much greater than the deposition rate, suggesting that very little lithium can be held on the first wall. One could be concerned that LiD and LiT will be formed, but these decompose rapidly [7] , in ~ 4 seconds even at 400 C. Thus if adequate vapor localization can be achieved without baffles, some additional lithium entering the main chamber though a far SOL region unprotected by baffles does not appear to be unacceptable. Fig. 4 shows SPARTA calculations for lithium injection from the private flux side, in a somewhat narrowed FNSF divertor chamber. The divertor is still, however, only about 50 cm long. For the middle case the lithium injected into the plasma is the same as that in the UEDGE calculation, but -for a fixed evaporator temperature -the lithium ionized in the leg of the divertor varies strongly with vertical position as shown in Fig. 5 , changing by a factor of 6 over a displacement of the divertor position of 20 cm. This should result in a very robust positioning of the detachment front. Fig. 6 shows a surprising result. Lithium injection from both the inner and outer edges of the divertor channel results in the formation of a distinct shock, which ejects lithium vapor vertically, despite the absorbing surface at the bottom of the divertor channel. As a consequence of this, such a configuration shows little variation of lithium absorption in the plasma with the vertical position of the detachment front. We found that evaporation from the public side only, in this configuration, is less effective than private-side evaporation. Evaporation from the bottom of the divertor is similar to two-sided evaporation.
LITHIUM FLOWS AND THERMAL EFFECTS
We have evaluated the flows of lithium required to support the evaporation and condensation of the middle case shown in Fig. 4 . The total poloidal lithium mass flow has a maximum value of 120 g/s. Here we consider only the capillary pressure and the MHD impedance of the return lithium flow, not the more complex wicking on the surface of the plasma facing components and lithium wicking to the return transport system. A more in-depth analysis can be found in [8] . The capillary evaporative surface provides a negative pressure (tension) in the fluid just behind it given by 
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where represents the lithium surface tension, represents the contact angle and the capillary pore radius.
Following [9] , at 600 K we expect = 0.310 and = 65 deg. For a reasonable pore radius of 40 µm, we have ∆ = 6.56 kPa.
Now we consider an array of return pipes with 2 cm internal diameter, spaced 10 cm apart in the toroidal direction. These would be placed behind the heat-flux handling surfaces and cooling structures, in order to minimize any TE-MHD effects. The maximum flow speed in these pipes is only 2.9 mm/s to provide the maximum required flow of 120 g/s of lithium. The pressure drop along the lithium liquid, due to the MHD back-force, whose current flow pattern is illustrated in Fig. 8 , is given by [10] 
where v is the lithium velocity, sW is its electrical conductivity, B is the magnetic field across the direction of flow, t is the electrical conductivity of the pipe wall, and t its thickness. a is the inner radius of the pipe. For the specified conditions we have ∫ = 5.3 10 -4 m 2 /s. Taking from [9] , at 600 K sW = 3.18 10 6 , and FNSF B = 7 T. We take a typical resistivity of ferritic steel of 1.14 10 6 , a wall thickness of 2 mm, and an internal radius of 1 cm. We find as a result an MHD pressure drop of 5.53 kPa, 84% the capillary pressure drive. In practice currents may flow in associated structures, and additional pressure drop will be required to wick lithium to and from the evaporative and condensing surfaces, and there can be additional pressure drop in pipe bends. The MHD pressure drop in the straight pipes can be reduced to small values compared with the capillary drive through the use of a sandwich Flow Channel Insert [11, 12] which can be used to lower the effective wall thickness, as shown in Fig. 9 . A sandwich Flow Channel Insert is composed of two layers of steel, with a layer of insulator such as MgO between them. The ⃗ × =⃗ E.M.F. is only 0.4 mV, so the insulation need not be thick. The steel jacket is welded around the insulator to protect it from chemical interaction with lithium. The insert need not support any pressure differential, so it can be quite thin. Due to the geometry, the wall return currents shown in Fig. 8 must flow in the inner layer of the insert. An 0.5 mm thick inner steel layer, would give a factor of 3.8 reduction in the MHD back-force, reducing it to 22% of the capillary force. Interestingly, the linear gap (or holes) in the flow channel insert is correctly aligned to allow influx into the pipe of lithium from the front surface of a condensing plasma-facing component, or outflux from the pipe of lithium to an evaporating component.
Finally, we note that the peak local net evaporative cooling, of about 2 MW/m 2 , is comparable to the radiative heating experienced on average in the divertor, suggesting that motion of the radiating plasma leg in front of the evaporator may be effective in increasing its evaporation rate. Elsewhere the heating due to condensation is small compared to radiative heating.
CONCLUSIONS
We have found that a lithium vapor box without baffles provides much of the advantage of a fully baffled configuration, with the exception that more lithium flows into the far SOL region of the plasma and from there into the main chamber. Since the first wall in a fusion power system will operate at a temperature in the range of 600 C where we do not expect lithium condensation, this may not be a significant disadvantage. The simpler configuration still provides strong localization of the lithium vapor so the detachment front should be quite stable, 
IAEA-CN-258
and this simplified configuration should be technically easier to implement, including in existing or near-term planned experiments as well as in future fusion reactors. The capillary force expected from the evaporating surface is adequate to overcome MHD drag in steel pipes carrying recirculating lithium at a velocity less than 3 mm/s.
